An epidemic is said to occur when new cases of a health outcome substantially exceed what is expected for a given time period. Longevity can be described as an epidemic, in that rates of survival to advanced old age have increased dramatically over the past century. There is no single accepted age threshold for longevity. The age of 85 years is often used to define the oldest old (1) . However, with ongoing progress in improving the health of older adults, 2006-2008 survey data from the US Census Bureau demonstrated that the population aged ≥90 years, especially the subgroup aged ≥100 years, is now the largest growing group in the population aged ≥65 years (2) . Of the 1910 birth cohort, fewer than 3% made it to age 90 years, whereas of those born in the year 2000, at least 15% of men and 20% of women are projected to reach age 90 years (3) . Although the proportion of persons reaching old age has increased, the maximum recorded human life span has changed relatively little, with a few hundred individuals currently living to 110 years, fewer still approaching 120 years, and just 1 person, Jeanne Calment, making it to 122 years (4) . Whether the maximal life span is fixed remains controversial (5) .
These increases in life expectancy have not been uniform across ethnic and socioeconomic status groups (6) . Persons achieving age ≥90 years remain overwhelmingly white, at 88.1%, with African Americans making up 7.6% and Asians 2.2% of the over-90 population. Approximately 4% of persons over 90 have reported Hispanic ethnicity (of any race) (2, 7) . In 2006-2008, more than 60% of the population achieving age ≥90 years had at least a high school education, which is higher than expected for that birth cohort.
The older a person becomes, the more extreme is the longevity phenotype. Whereas age 85 years is beyond the average life expectancy, age 90 years is closer to the 90th percentile and age 100 years is beyond the 99th percentile for contemporary birth cohorts. The increases in the proportions of individuals in a given birth cohort projected to reach ages 90 and 100 years are shown in Figure 1 (3) . The figure illustrates that the proportion of persons who survive to age 90 years has been increasing dramatically over the past century in both men and women. As a health outcome, reaching age 90 years is still relatively rare, and reaching age 100 years is an order of magnitude rarer. For example, fewer than 10% of women from the 1959 birth cohort are projected to reach age 90 years, and only 0.3% are projected to reach age 100 years. Another way of expressing this is that the likelihood of making it from birth to age 90 years is similar to the likelihood of making it from age 90 to 100 years. Thus, every year of survival into very old age is substantially more exceptional than the last. This has proven to be very important for genetic studies, as heritability of age at death is greater at more exceptional thresholds for longevity (8) . Centenarian status is an easily understood and well-accepted criterion for longevity and is sufficiently rare yet practical for case-control studies. Lists of centenarians have been assembled in numerous countries around the world, including Italy, Germany, Japan, and the United States. Many prospective cohort studies focus on the achievement of less extreme ages, such as 85, 90, or 95 years, because few persons in any one cohort study have survived to these advanced ages.
The rapid increase in life expectancy over the past century is largely environmental. Improvements in public health, nutrition, education, living conditions, and medicine have mitigated many causes of premature death, including infant and maternal mortality, accidents, infections (including epidemics), climate changes, and famine (5, 9) . In the second half of the 20th century, gains in life expectancy were achieved for persons who had already reached old age. These gains were due largely to improvements in prevention and treatment of chronic disease in old age (10) . Still, concern exists that, unless effective interventions are developed to address the obesity epidemic, continued gains in life expectancy could end, and younger generations could live less healthy and even shorter lives than their parents (11) .
Among the exceptionally aged, at older and older ages, onset of disease and decline in physical and cognitive function occur later, such that for many supercentenarians (age 110-119 years), health span approaches life span (12) . Thirty percent of centenarians, 56% of semi-supercentenarians, and nearly 70% of supercentenarians escape major agerelated disease, including dementia. A further 53% of centenarians delay the onset of major age-related disease until age ≥80 years. Male centenarians have better physical and cognitive functional status than female centenarians, despite the greater probability of survival to extreme old age among women. Recent work from the Georgia Centenarian Study (13) provides an alternative model of successful aging focusing on psychosocial aspects of health, including components of subjective health (quality of life), economic wellbeing (access to services for basic needs), and happiness (emotional well-being). Remarkably, 47.5% of centenarians met the criteria for this alternative model of successful aging (13) .
Data from both the New England Centenarian Study and the Okinawa Centenarian Study demonstrate that siblings of centenarians have a significantly greater likelihood of attaining age ≥90 years than their respective birth cohorts (15, 126) . Similarly, according to genealogy databases in Utah (16) and Iceland (17) , first-degree relatives of persons with excess longevity have twice the recurrence risk of longevity as controls. Offspring of centenarians also have significantly delayed onset of chronic conditions, including coronary heart disease, hypertension, diabetes, and strokeby 5.0, 2.0, 8.5, and 8.5 years, respectively-as well as lower overall cardiovascular and cancer mortality than agematched controls with at least 1 parent who died at average life expectancy (18, 19) . Centenarian studies carried out both in the United States (among Ashkenazi Jews and in Georgia and New England) and internationally (in Okinawa, Japan, and other areas) have established biorepositories of clinical, biochemical, and genetic data and will continue to make important contributions to our understanding of longevity (20) . Similar findings have been observed in the Leiden Longevity Study, in which nonagenarian siblings and their offspring have a lower prevalence of several agerelated diseases and a lower mortality risk than sporadic nonagenarians (21) . More recently, the Long Life Family Study, in which families were recruited for longevity, showed that probands and their offspring had more optimal levels of cardiovascular risk factors, higher physical function, and later onset of decline than similar-aged individuals participating in longitudinal cohort studies (22) . Surprisingly, a recent study showed that Ashkenazi Jews achieving age ≥95 years and living independently did not appear to be different from the general population of the same birth cohort with regard to lifestyle factors such as diet, physical activity, and body mass index (weight (kg)/height (m) 2 ) (23); this perhaps suggests that persons achieving exceptional longevity interact differently with the environment or that stronger genetic influences are in play.
BEHAVIORAL AND CARDIOVASCULAR RISK AND LONGEVITY
Numerous prospective population-based cohorts have been examined to describe the characteristics of persons with long-term survival. These studies also have defined the rates and risk factors for survival with intact health or function, such as survival free of chronic disease or survival with high levels of physical and cognitive function (Table 1) . Survival with intact health and function has been termed "healthy aging," "successful aging," or "exceptional aging." Together, these phenotypes have been called "exceptional survival" phenotypes and are thought to be important health outcomes in their own right but also intermediate phenotypes on the path to longevity. Within long-term cohort studies, the proportion of individuals surviving to age 100 years is too small to permit study of longevity per se, but continued follow-up of these cohorts will soon provide adequate sample sizes for study in a cohort design. It is also important to note that when centenarians are first enrolled for study only after having achieved this advanced age, they often have developed dementia and disability, making it difficult to assess them biologically. As ongoing cohorts are followed up for longevity, past data can be used to determine their prior rates of aging and resilience to disease and will provide important opportunities for birth cohort matching. The absence of these design features is a limitation of many case-control studies of centenarians.
Several studies have emphasized the importance of cardiovascular risk factors for achieving long-term survival and exceptional survival. Each study defines the specific survival outcomes somewhat differently. Most investigators consider the most common fatal illnesses of heart disease, cancer, stroke, and chronic obstructive lung disease in defining healthy aging. To date, there has not been a careful comparison of these various outcomes within a cohort. Additionally, follow-up to date has not been long enough to demonstrate the precise correspondence between various definitions of exceptional survival phenotypes and longevity per se, though the life histories of centenarians validate the relevance of these outcomes for longevity (15, 24) .
The Multiple Risk Factor Intervention Trial and the Chicago Heart Association Detection Project in Industry Study permitted the examination of mortality rate and estimated life expectancy for young and middle-aged adults, primarily men, with low levels of total cholesterol and blood pressure and absence of smoking (25) . The low-risk groups had markedly lower coronary and cardiovascular mortality rates than the others, as well as a greater life expectancy that ranged from 5.8 years for women aged 40-59 years to 9.5 years for men aged 18-39 years. The Nurses' Health Study followed more than 50,000 middleaged nurses for up to 18 years and identified strong associations between risk factors, diet and lifestyle factors (smoking, physical activity, body mass index), and risk of death (26) .
In the original Framingham Heart Study cohort, survival to age 85 years and morbidity-free survival to age 85 years were found to be related to more optimal levels of cardiovascular risk factors measured in midlife between the ages of 40 and 50 years (27) . Survival to age 85 years decreased with increasing number of midlife risk factors (higher levels of blood pressure and total cholesterol, the presence of glucose intolerance, current cigarette smoking, and lower educational attainment), such that among men, 37% of persons with no risk factors survived to age 85 years as compared with 2% of persons with all 5 risk factors; in women, 65% of those with no risk factors and 14% of those with all 5 risk factors survived to age 85 years. In the Honolulu Heart Program/Honolulu-Asia Aging Study, Willcox et al. (14) reported similar findings among nearly 6,000 middle-aged Japanese-American men who were free of chronic disease and functional limitation at baseline and were followed for up to 40 years. The probability of survival and exceptional survival, defined as survival free of major disease with intact physical and cognitive function, to age 85 years was a function of the cumulative number of midlife risk factors, including high handgrip strength and avoidance of overweight, hyperglycemia, hypertension, smoking, and excessive alcohol consumption. The probability of exceptional survival to old age was as high as 55% in men with no risk factors and as low as 9% in men with 6 or more risk factors. Risk factors measured in early old age continue to predict longevity in later old age, though the relative risk tends to diminish, especially for cholesterol and body weight. In the Cardiovascular Health Study, 5,201 men and women aged ≥65 years were followed for 5 years to determine the sociodemographic, lifestyle, risk factor, disease, and functional predictors of death (28) . Of 78 characteristics examined, 20 were significantly and independently associated with death. The strongest predictors of death reflected objective measures of subclinical disease and disease severity, with additional predictors including age, sex, cigarette smoking, low levels of physical activity, relative poverty, and indicators of frailty and disability. A risk prediction score demonstrated a steep gradient of increasing mortality with increasing risk quintile, ranging from 1.9% in the lowest risk quintile to 38.9% in the highest.
Long-term, 16-year survival was also examined in the Cardiovascular Health Study but from the perspective of investigating the unique and shared risk factors for specific categories of causes of death (29) . For total deaths and for cardiovascular deaths, cardiovascular risk factors were most prominent, including cigarette smoking, hypertension, diabetes, and measures of the extent of vascular disease on noninvasive testing. Notably, the higher rates of mortality and cardiovascular mortality in men were not explained by their higher levels of cardiovascular risk factors. In other words, although men had higher levels of smoking, cholesterol, and blood pressure, the risk ratio for men versus women was not attenuated with adjustment for their higher risk. Few factors were common risk factors for all causes of death, and none were as strong as age itself. Dysfunction of 2 organ systems (the kidney and lung), lower weight, and markers of inflammation and cognitive function were associated with death from more than one cause.
Long-term mortality was also examined in the Rotterdam Study among more than 5,000 participants who were aged ≥55 years at enrollment and were followed up for a median of 15 years, with a focus on genetic markers in addition to lifestyle, risk factors, and prevalent diseases (30) . Although genetic factors independently contributed to mortality risk, the joint contribution to risk prediction was modest. Beyond age and sex, physiologic parameters, prevalent disease, lifestyle, general health, and socioeconomic factors contributed to mortality risk (30) . Six longitudinal studies of older persons from Europe and Israel found similar predictors of death across countries, including age, male sex, smoking, prevalent diseases, and disability (31) .
Survival free of chronic disease has been investigated among Cardiovascular Health Study participants who were free of chronic disease at enrollment. Healthy aging after an average of 6.5 years of follow-up was common, with rates ranging from 79% of women initially aged 65-69 years to 48% of women initially aged ≥85 years and from 69% of men initially aged 65-69 years to 34% of men initially aged ≥85 years (32) . In addition to cardiovascular risk factors, subclinical disease measures, including absence of electrocardiographic abnormalities, higher ankle-brachial index, and lower carotid intima-medial thickness, were important determinants of survival free of chronic disease. Early-old-age risk factors were also found to predict years free of chronic disease with intact physical and cognitive function (successful aging). The absence of subclinical cardiovascular disease in early old age corresponded to 6.5 more successful years of living in women and 5.6 more successful years of living in men (33) . In the Physicians' Health Study, the modifiable risk factors of smoking, blood pressure, physical activity, and obesity, measured in men in early old age (mean age 72 years), were associated with longevity (defined as survival to age ≥90 years) and late-life function (34) . Regular exercise was associated with significantly better late-life physical function and being overweight was associated with worse physical function, whereas smoking was associated with impairments in both physical and cognitive function. In the Iowa Established Populations for Epidemiologic Study of the Elderly, extraordinary survivors, defined as the 10% with the longest survival in each sex group, had fewer established cardiovascular risk factors. In addition, at older ages (65-85 years), extraordinary survivors reported excellent health, fewer chronic diseases, and better mobility and memory.
Taken together, these prospective studies demonstrate the importance of engaging in healthy lifestyle behaviors across the adult life span to achieving longevity and maintaining late-life function (115) . These factors are important behavioral and environmental candidates that will need to be considered to understand gene-by-behavior and geneby-environment interactions in achieving longevity.
Attention recently has turned to applying new insights in the biology of aging to epidemiologic studies. Once cardiovascular and lifestyle factors are accounted for, age remains a strong risk factor for death (29) . Biomarkers of aging potentially could explain the risk of chronologic age. Markers from pathways that influence longevity in animal models are of interest in understanding the role of biologic aging in longevity (35) . Caloric restriction is the most robust manipulation that influences longevity in lower organisms, and it appears to influence several pathways, including oxidative stress, markers of inflammation, growth hormone, and insulin signaling. Genetic mutations that influence longevity in the worm and mouse models are found largely in this pathway (36, 37) . Currently, levels of inflammation markers such as interleukin-6 (38), oxidative damage (oxidized lowdensity lipoprotein), glycosylation (carboxymethyl-lysine) (39) , and levels of insulin-like growth factor 1 (40) are being examined for their associations with earlier death. These markers are reviewed elsewhere (35, 40) . More work is needed to understand which of them is most important in influencing longevity versus indicating risk of earlier onset of disease.
REPRODUCTIVE PHENOTYPES AND LONGEVITY
The female advantage for longevity has been apparent from at least the late 1800s (41) . The female advantage is well known to be present from the time of conception, with greater loss of males during pregnancy and throughout the life span. The reasons for this are not well understood (42) . Women have better survival at every age and thus appear to be more robust rather than to age more slowly (41) . Currently, a female life expectancy advantage is nearly universal, except in some southern Asian and sub-Saharan African societies where cultural factors (low female social status and stronger preference for male offspring) or a differential impact of the human immunodeficiency virus/acquired immunodeficiency syndrome pandemic favor men (43) . In one unique long-lived population in Sardinia, it seems that men achieve longevity as often as do women. Careful reconstruction and follow-up of birth cohorts from 1876-1921 show that this is not a demographic artifact, although the environmental and genetic factors that might explain it have yet to be discovered (44) .
Potential hypotheses for the female advantage include unmeasured confounding in studies of mortality rate differences between men and women, antagonistically pleiotropic effects of male hormones, and protective effects of the estrogen and reproductive process. In a very comprehensive study of mortality risk in older men and women, there was little attenuation of the sex difference by potential confounders, and it is difficult to think of additional unmeasured confounders that might explain it (29) . The absence of a second X chromosome in men is thought to allow the expression of deleterious genetic variation that would be recessive in females. Differences in the growth hormone and insulin signaling pathways or in oxidative stress also could be important. Differences in immune function that allow a genetically distinct pregnancy to continue are also hypothesized to play a role. To date, there is no strong support for any one mechanism.
In epidemiologic studies, the timing of menarche and menopause have been associated with longevity and important age-related diseases. These findings are supported by numerous studies in animal models (45) . In several cohort studies carried out in the United States, Europe, and Australia, early menarche was associated with a higher risk of breast cancer, cardiovascular disease and its risk factors, and total mortality (46) (47) (48) (49) (50) (51) (52) (53) . For example, women who recalled undergoing menarche prior to age 12 years were 30% more likely to die than those with later menarche (49) . Early death was driven predominantly by higher rates of cardiovascular death. There also could be a higher risk of diabetes (50, 52) . Mechanisms for this association might include a longer lifetime exposure to estrogen, but it also could be due to the risk factors for early menarche, including greater weight gain in childhood and socioeconomic factors (54) . Associations between menarche, weight gain, and possibly higher insulin-like growth factor 1 (55) in early life suggest a link between menarche and the insulin signaling pathway, which supports the idea that age at menarche might be a useful phenotype in the study of longevity. Furthermore, recent work in inbred mice demonstrated a link between earlier sexual maturation and life span that could be genetically co-regulated through the insulin-like growth factor 1 pathway (56) . Although early menarche is a risk factor for earlier disease onset, it cannot be assumed that later menarche is especially protective, inasmuch as current studies have not specifically tested this.
Later menopause is also related to longer life. In a study of 19,731 older Norwegian women, older age at natural menopause was associated with a lower risk of death (57) . In a cohort of 12,134 Dutch women, this same association was found, was related predominantly to lower risk of cardiovascular disease, and was minimally offset by a higher risk of uterine and ovarian cancer (58) . Notably, the ageadjusted mortality rate decreased by 2% with each increasing year of menopausal age. Another study of 68,154 American women found that early menopause was associated with several causes of death, including predominantly coronary heart disease death but also respiratory disease, genitourinary disease, and external causes of death (59) . Similar associations have been reported for other cohort studies in the United States (60), as well as in Japan (61, 62) and South Korea (63) .
Reproductive aging phenotypes could serve as important endophenotypes for genetic studies of longevity. Evolutionary theories of aging support a tradeoff between fertility and survival (64) , with associations between reproduction and life span being observed in both animal models (37, 65, 66) and humans. Centenarian women, for example, are more likely to have borne children late in life than women who died at an earlier age (67, 68) . Furthermore, according to data from historical population databases, late ability to reproduce is associated with improved survival not only in the women (69) but also in their male family members (70) , which supports the hypothesis that late fertility and slower somatic aging might share underlying genetic determinants.
GENETIC FACTORS
Genetic studies of longevity and other aging phenotypes, including healthy aging and reproductive phenotypes, were recently reviewed by Murabito et al. (71) . Studies of longevity have included case-control designs and cohort study designs. The genotypes of centenarians and supercentenarians have been compared with those of control groups, such as the offspring of persons not reaching exceptional old age or general population controls. A strength of these studies is that the more extreme age of 100 years is likely to have a greater genetic basis, but a limitation is the lack of a birth cohort-matched comparison. The life experience of today's centenarians preceded the influenza epidemic of 1917 and the antibiotic era. Survival through their childhood years might have depended on a different set of genetic advantages than would be true for more recent birth cohorts (72) . Long-term cohort studies have followed enough individuals over many years to be able to examine the longest-term survivors in comparison with persons in those same cohorts who did not reach old age. The latter study design offers better control for environmental differences, but it is limited in that the total number of persons in these cohorts who have reached advanced old age is not large. For example, in the 4 cohorts participating in a recent analysis of the CHARGE (Cohorts for Heart and Aging Research in Genomic Epidemiology) Consortium (73), only 1,800-plus had reached age ≥90 years at the time of the analysis. With more follow-up and expansion of the CHARGE Consortium to include additional cohorts with long-lived participants with genotyping, many more will have had the opportunity to reach age ≥90 years, providing an opportunity to update these analyses. The findings from genome-wide association studies (GWAS) of longevity and the candidate gene studies have implicated several genes and pathways (Table 2 ). To date, findings have been replicated in multiple studies for only a few genes: the apolipoprotein E gene (APOE) and the forkhead box O3A gene (FOXO3A) in the insulin signaling pathway. Genetic variants in the FOXO3A gene were selected a priori for study with human longevity because the gene lies in the insulin/insulin-like growth factor 1 signaling pathway, a key evolutionarily conserved biologic pathway known to extend life span in animal models. In a case-control study nested within the Honolulu Heart Program/Honolulu-Asia Aging Study, men of Japanese descent who lived to age ≥95 years (longevity) were compared with men who died before age 81 years (average age) (74) . A strong and significant association between longevity and FOXO3A was detected; men with 2 copies of the minor allele of the genetic variant had nearly 3 times the odds of living to nearly 100 years of age. The FOXO3A-longevity association has since been extended to samples that include women and has been replicated in diverse ethnic groups (75) (76) (77) (78) (79) . The exact biologic mechanism mediating the association remains to be elucidated but could be related to oxidative stress, maintenance of insulin sensitivity, and cell-cycle progression. Interestingly, FOXO3A has not been identified in GWAS of longevity, an approach that is hypothesis-free and unconstrained by genetic variants chosen a priori.
GWAS for longevity conducted in nonagenarians and population controls identified 1 genome-wide significant single-nucleotide polymorphism, rs2075650, in the TOMM40 gene (translocase of outer mitochondrial membrane 40 homolog (yeast)) close to APOE, which was associated with a nearly 30% decreased probability of reaching age 90 years (80). This association was not independent of the single-nucleotide polymorphism defining the APOE ɛ4 isoform. The APOE-longevity association had been identified previously in candidate gene association studies (81, 82) and has since been confirmed in additional GWAS of long-lived samples, including centenarians (83, 84) . The exact mechanisms underlying the longevity association are unknown; however, rs2075650 was associated with metabolic phenotypes (lipids and C-reactive protein) and insulin-like growth factor 1 levels in women in the initial GWAS report (80) . These findings are consistent with what is known about rs2075650/TOMM40 and the APOE ɛ4 isoform from GWAS of cardiovascular risk factors and Alzheimer's disease (85) (86) (87) . It is unclear whether the association is mediated through increased mortality risk, increased risk of age-related diseases (cardiovascular disease, dementia, and Alzheimer's disease), perturbed metabolic pathways, or other mechanisms.
Other notable findings relate to pathways in lipid metabolism, DNA repair, and RNA regulation. The cholesteryl ester transfer protein gene (CETP) was found to be related to a phenotype of larger high-density lipoprotein and lowdensity lipoprotein particle sizes and lower rates of hypertension, metabolic syndrome, and cardiovascular disease in a case-control study of 213 Ashkenazi Jewish probands with exceptional longevity and their offspring (n = 216) (88) . The CETP gene may also increase the odds of healthy aging in older Japanese-American men participating in the Honolulu Heart Program (89). However, the genetic variants in the CETP gene involved in the two studies were different. Some of the lack of replication across studies could be due to population-specific findings-some variants are very rare or might not exist in some populations. Cardiovascular protection is essential for longevity, because cardiovascular disease is the primary cause of mortality in older adults. However, it is interesting to note that deleterious alleles identified in recent GWAS are no less common in familial cases of longevity than in sporadic cases (90) .
In a recent meta-analysis of all compiled human GWAS conducted to examine broadly the genetics of resistance to age-related disease, Jeck et al. (91) identified 10 locations ("bins") across the genome that were enriched for susceptibility to multiple age-related diseases. Two of the locations were highly significant, including the chromosome 9p21 locus previously found to be associated with longevity and several age-related diseases, including atherosclerosis (myocardial infarction, coronary artery disease, stroke, peripheral artery disease), type 2 diabetes, and cancer. Moreover, all 10 genomic locations were linked to genes associated with cellular senescence or inflammation pathways, which suggests that these biologic pathways influence the human health span. Many progeroid models are characterized by deficits in DNA repair, making genes in DNA repair pathways strong candidates for longevity genes (92) . Of interest, several single-nucleotide polymorphisms in the lamin A/C gene (LMNA) identified as causing HutchinsonGilford progeria syndrome have been genotyped in longlived samples and younger controls to explore the effect on normal aging (93) . According to data from the New England Centenarian Study, the Southern Italian Centenarian Study, a long-lived sample from France, and the Einstein Ashkenazi Longevity Study, it appears that variants in the LMNA gene could play a role in the human life span. In addition to pointing to RNA editing genes (94), Sebastiani et al. (84) show that it is important to consider joint effects of multiple common variants in a region.
Other findings from previous studies, as reviewed in 2006 by Christensen et al. (82) and in 2010 by Barzilai et al. (95) , have not been replicated in recent GWAS or have been inconsistent, but they also represent important candidate pathways, including the growth hormone axis, insulin signaling/insulin-like growth factor 1, and DNA repair.
Interestingly, a GWAS of age at natural menopause identified 17 genetic variants (96) , many involved in biologic pathways of DNA replication and repair and immune function that are also pathways important to aging and longevity. One of the DNA repair genes identified in the menopause GWAS, exonuclease 1 (EXO1), was previously reported to be associated with prolonged life expectancy in female centenarians (92) . Examination of other exceptional survival phenotypes could speed discovery of longevity genes. In the Cardiovascular Health Study, Newman et al. (97) developed a physiologic index of aging by combining information across 5 major organ systems known to predict death and disability. The index was constructed with the use of noninvasive testing from the vascular, lung, brain, kidney, and metabolic systems and resulted in a wide range of values, from 0 (all systems normal) to 10 (clinical disease). The physiologic index was able to identify a very low-risk group of healthy agers. Lack of decline in an organ system might be another important endophenotype of longevity. Endophenotypes are defined as important intermediate components of the phenotype of interest. In a longitudinal cohort study of more than 2,700 participants with a mean age of 74 years at baseline and 80 years at follow-up, participants who maintained cognitive function had a lower mortality risk and less decline in physical function (98) . Similarly, in the Study of Osteoporotic Fractures, successful skeletal aging, defined as maintenance of bone mineral density for up to 15 years, was a marker of longevity (99) . Development of endophenotypes of preservation of function across multiple systems likely will be needed to define health with intact physical and cognitive function into old age (100).
Experience with GWAS for complex traits suggests that common variants explain only a small fraction of the estimated 20%-35% heritability of longevity. It is possible that it is the joint effect of multiple common variants that explains the effects of genotypes on phenotypes (84). Alternatively or additionally, rare variants, with frequencies of less than 0.5%, could explain some of this missing heritability. Several projects are under way to characterize rare variants in existing cohorts and in family studies. The whole genomes of 2 supercentenarians (>110 years of age) were recently sequenced. The supercentenarians were shown to have genomes comparable to published human genomes, did not carry most of the longevity-enabling variants identified in the literature to date, and had comparable rates of disease variants, but they also had a number of novel variations that will need to be further examined for longevity associations (128) . Other sequencing projects have now shown us that the cumulative total number of rare variations is surprisingly high (101), but individual variation is difficult to distinguish from genotyping error because individual variants that are very rare in the population might appear only once in even a very large sample of unrelated individuals. Family samples make it easier to statistically characterize and distinguish such very rare variants from genotyping error, because they will tend to be found in multiple members of a given lineage/pedigree. Family studies such as the Long Life Family Study (22) , which is under way in the United States and Denmark, likely will complement the ongoing efforts in sequencing in large cohort studies.
Additional genomics projects are under way to examine the role of gene expression in human aging and longevity. The Ashkenazi Jewish Centenarian Study used microRNA profiling in 3 centenarians and 3 controls and identified enrichment of functional pathways involved in cell metabolism, cell cycle, cell signaling, and cell differentiation (102) . Although very few individuals were studied, the differences were very large and were significant with adjustment for multiple comparisons. Investigators in several longitudinal cohort studies are measuring gene expression by using commercially available arrays that could uncover a variety of age-associated biologic pathways that ultimately will provide insights into aging and longevity. For example, in the Invecchiare in Chianti Study and the San Antonio Family Heart Study, expression of genes in the mammalian target of rapamycin (mTOR) pathway, a pathway associated with life span in animal models, was associated with advancing age (103) . Furthermore, the expression pattern in humans was generally consistent with mTOR inhibition interventions associated with increased life span in animal models.
It also has become increasingly apparent that the control of gene expression through epigenetic mechanisms could play a role in understanding heritability. In the Dutch Famine Studies, investigators assessed the propensity for diabetes and heart disease among children of women subjected to famine during pregnancy during World War II in the Netherlands. These children were more likely to develop heart disease and diabetes, which suggests preprogramming in utero (104) . Studies of global DNA methylation patterns in adults have not shown any overall differences in famine exposure births compared with controls (105), but one very small study did find that the insulin-like growth factor 2 gene (IGF2) was differently methylated in persons with periconceptional exposure to famine (106, 107) . These studies illustrate the increasing complexity of genetic studies, with heritability varying with gene-environment interactions and the epigenetics of environmental exposure being heritable.
Together, these epidemiologic studies of the risk and protective factors for longevity have come into alignment with the well-established evidence in model systems that the aging process is linked to growth and metabolism. Mutations in homologues of the insulin signaling pathway often are linked to longevity phenotypes in diverse species, including yeast, worms, and flies (37). These same pathways are involved in the caloric restriction model, which produces life extension in these various organisms, as well as in mammals (36) . Decades of archived data on Okinawans demonstrated low calorie intake, lifelong low body mass index, a low mortality rate from age-related disease, and survival patterns consistent with extended mean and maximum life span, which lends epidemiologic support to calorie restriction as a contributor to healthy aging in humans (108) . The mechanism of the benefit of caloric restriction appears to involve a reduction in growth factor signaling in response to nutrient deprivation. These findings are controversial, as it is clear from existing studies that caloric restriction is not essential for longevity and that the longest-lived older adults often have body mass indices in the overweight range (i.e., [25] [26] [27] [28] [29] [30] .
CONCLUSION
Epidemiologic studies of longevity are likely to have enormous implications for aging and public health. The aging process itself is clearly linked to lifelong behaviors. Current efforts to reduce disparities in known risk factors can have a great impact on continued improvements in life expectancy and healthy life span. Longevity seems to be heritable yet plastic. The heritable component of longevity and research in animal models have revealed key pathways that can be targeted to decrease the risk of late-life chronic disease and increase disease-free and disability-free survival. These efforts likely will translate into lower morbidity and improved physical and cognitive function in old ageworthy goals for longevity research.
